Abstract-An algorithm is described which enables us to evaluate the Volterra kernels and the corresponding transfer functions. This method is then used to detect the cracking threshold of the geomaterials under loading. The responses of a sample of sandstone under axial leading and subjected to ultrasonic excitation are analyzed. The occurrence of microcracking is characterized by the changes in the linear and nonlinear parts of the measured signal energy.
Introduction
Determining the cracking threshold in rock samples under compressive loading is very important for the study of rock behavior. Standard methods used for this purpose are essentially based on the measurement of the global strains (WOLTERS, 1971) . However, this kind of method is not very sensitive. The density of cracks must reach relatively high levels before it produces measurable effects on deformations.
More sophisticated methods of detection use ultrasounds. Damage is thus detected by a modification in the characteristics of the output signal (GHOREYCHI, 1978) . However, the results obtained by most of these methods are no more accurate than those obtained by the standard method of strain measurements. The reason is that signal analysis is generally restricted to the assumption of a linear system (governed by a linear convolution between the input signal and the impulse response). Since the process of microcracking is inelastic (GLADWIN and SACEY, 1974) , linear processing can only provide partial information. In order to identify the damage threshold, it is therefore more appropriate to analyze the occurrence of nonlinearity in the output signal. Several possible methods exist for achieving this objective, among which the multidimensional treatment by the Volterra functional series seems to be particularly promising.
Although the Volterra series have been the subject of active research (BARRETT, 1963; CHOI and WARREN, 1978; HUNG et al., 1977) their use as part of a method of analysis for practical problems is still rare. Therefore we will begin by presenting an original algorithm which we have developed to separate the linear and nonlinear parts of the signal. We will then use this tool to detect the cracking threshold in geomaterials under compressive loading. Finally, we compare our results with those obtained by the standard global strain measurement method.
Methodology
Let x(t) and y(t) be respectively the input and output measurements for a dynamic system invariable in time. For example, the response y(t) of a rock subjected to an ultrasonic excitation x(t). The relationship between the two signals defined by the Volterra series is the following;
where
Here the first term y 1 (t) is a linear term. It is obtained by the convolution product between the first order kernel, h 1 (t), and the excitation function x(t). The nonlinear behavior is evident from the presence of higher order terms y 2 (t), y 3 (t), . . . etc. The number of possible terms in (1) is in theory infinite. In practice n is chosen such that the difference between the recorded signal and the signal calculated based on the n first components is reasonably small. This margin of error is fixed according to the equipment used for each application and the precision of the measurement.
The problem we wish to solve is the calculation of the kernels, given excitation x(t) and output signal y(t). To obtain large order kernels h n (t 1 , t 2 , . . . , t n ), multidimensional deconvolutions are necessary, which are generally very difficult to achieve. However, in some cases it is possible to obtain solutions in which the input signal is assumed to be of a particular type. For example VINH (1987) uses excitation by shock (modeled by a Dirac distribution) which allows him to directly deconvolute the Volterra kernels of different orders. Others, like BOYD et al. (1983) , use multi-harmonic excitations.
